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ARTICLE INFO ABSTRACT

Keywords: Vitamin D (VD) suffers from low water solubility and strong degradation, which both decrease its
Drug TEIEE}SE bioavailability. This work aims at obtaining a silica-surfactant-VD hybrid material and verifying if
Drt]ljglzarner this system can protect VD from degradation and enhance its solubility. This preliminary study
?ii’ic: aspires at tuning the mesostructure order of the hybrid system (by modifying the surfactant
Vitamin D amount) with the scope of controlling, somewhat, its drug release capability. To this purpose, two
Mesostructured silica-surfactant-VD systems with different long-range order were synthesized and characterized

Mesostructure order in terms of physico-chemical properties and release behavior in a model solution mimicking the
topical environment. Results show that the hybrid materials are able to incorporate VD, protect it
from degradation up to 17 months and release it in aqueous media. The mesostructure order and
the interaction between VD, surfactant and silica seem to play a key role in tuning kinetics and the
amount of released drug. While the less ordered structure incorporates less VD with faster and
higher release percentage, the more ordered one incorporates more VD but, due to the stronger
interactions with the carrier, requires a partial dissolution of the matrix to occur before releasing
the drug, so inducing a lag-time and a smaller released quantity.

1. Introduction

“In all things of nature there is something of the marvelous” as Aristotele said (from “Parts of Animals”, book I, 645a.16). Hybrid
materials available in nature make no exception. As an example, bone and nacre, which are natural hybrid materials made of a protein
matrix and a mineralized inorganic component, achieve strength and toughness at the same time despite their low density [1,2]. This
set of properties is desirable for technical applications and, for example, several studies on the production of synthetic nacre are
present in the literature [3,4]. In general, hybrid materials have attracted growing scientific interest in the last years [5]. These
systems, in fact, combine two (or more) individual components into a single structure, which results in a final material with properties
that are intermediate between those of the constituents while, in some cases, a synergic effect can also be obtained.

As far as drug delivery is concerned, hybrid materials also represent the new frontier of advance towards the development of
multifunctional systems [6]. In particular, the present work is focused on hybrid materials for topical drug delivery. A recent work from
our research group proposed the use of a hybrid silica-surfactant carrier to deliver curcumin, an active principle potentially promising
for the treatment of some skin disorders, but with the drawback of a very limited water solubility and bioavailability. In that specific
study, the presence of a surfactant in the hybrid carrier allowed the curcumin solubility in water to be increased [7]. A strength of this

* Corresponding author.
E-mail addresses: marta.gallo@polito.it (M. Gallo), mauro.banchero@polito.it (M. Banchero), vittoriacerbellal6@gmail.com (V. Cerbella), silvia.
ronchetti@polito.it (S. Ronchetti), barbara.onida@polito.it (B. Onida).

https://doi.org/10.1016/j.heliyon.2024.e36080

Received 21 November 2023; Received in revised form 1 August 2024; Accepted 8 August 2024

Available online 14 August 2024

2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:marta.gallo@polito.it
mailto:mauro.banchero@polito.it
mailto:vittoriacerbella16@gmail.com
mailto:silvia.ronchetti@polito.it
mailto:silvia.ronchetti@polito.it
mailto:barbara.onida@polito.it
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e36080
https://doi.org/10.1016/j.heliyon.2024.e36080
https://doi.org/10.1016/j.heliyon.2024.e36080
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Gallo et al. Heliyon 10 (2024) 36080

type of hybrids resides in the fact that they are synthesized with a one-pot process without recurring to several consecutive steps such
as carrier synthesis, surfactant removal, drug loading (as reported, for example, in Refs. [8-10]). Moreover, in similar works where
silica-surfactant hybrids are studied, such as those proposed by Tsai, Zheng and Meng [9,11,12], the synthesis procedures are
considerably longer than ours (with ageing ranging from 24h to 5d compared to 3h of our work) and imply long energy-consuming
heating steps (from 40 °C to 80 °C compared to no heating in our work). Finally, another advantage of the proposed system is
related to the possible release of silicic acid from the inorganic component of the carrier, which could be beneficial to the healthy
renewal of skin [13].

The present work is mainly aimed at enlarging the study of such a hybrid system, by exploring, through preliminary research, the
possibility to extend its application to other active principles. Vitamin D (cholecalciferol) was here selected because of its efficacy in
treating the symptoms of skin pathologies, such as psoriasis. However, vitamin D (VD) has poor water solubility and easily undergoes
oxidative, thermal and light degradation [14-17]. These drawbacks are common to many active principles, as testified by the scientific
effort devoted to conceive carriers able to mitigate them (e.g., lipid formulations, polymeric systems, mesoporous and aerogel silica ...
[18-21]). Fast degradation raises particular concern for those compounds that are conceived for topical applications, since the drug,
laying on the skin surface, is exposed to oxygen and light for prolonged time. This high susceptibility to degradation of VD as well as its
limited water solubility require an appropriate carrier to be employed, which makes it a suitable candidate to test the above-cited
hybrid system. The proposed hybrid material, in fact, is expected to protect VD from degradation and to increase its solubility at
the same time, thanks to the presence of the surfactant. To the authors’ knowledge, there are no previous studies on
silica-surfactant-VD hybrid systems in the literature.

Another novel and crucial topic addressed in this work is the relationship between the amount of surfactant in the hybrid and the
consequent degree of mesostructure order of the carrier, which finally affects the drug release performance. As it was previously
explained [7], cetyltrimethylammonium bromide (CTAB) was selected as a model surfactant even though it is cytotoxic at high
concentration (a decrease in cell viability is observed in solutions with CTAB concentration of some tens of nM [22-24]. Despite this
drawback, however, this surfactant is widely studied, and its phase diagram is well known. Furthermore, it is employed in synthesis
processes of mesostructured silica that are robust and reproducible, which is fundamental to understand its role in the structure of the
hybrid at this early stage of research. Thanks to its self-assembly properties, it can be used as a model templating agent to direct the
condensation of silica in structures that are ordered at the mesoscale (i.e., mesostructured silica). As it is well-known from the
water/CTAB phase diagram [25], when the CTAB content in solution increases at a given temperature, different phases, such as the
hexagonal, lamellar or cubic one, can be obtained and by changing the molar ratio of the surfactant, it is consequently possible to
obtain mesostructured silica with hexagonal, cubic or lamellar structure. For example, Luo and co-authors, managed to obtain silica
nanoparticles with different phases by changing the molar ratio of ethanol and surfactant [26]. On the contrary, for the sake of the
environment, the use of organic solvents was avoided during the synthesis of the hybrid carrier proposed by our research group and a
water-based process was rather preferred. As a consequence, to change the order of the mesostructure, different molar ratios of CTAB
and silica precursor (TEOS) were explored, instead of leaning on the molar ratio with ethanol. In addition, since the aim of the work is
to exploit the potentialities of hybrid materials, contrary to what is usually done, the surfactant was not removed at the end of the
synthesis step but was maintained as a part of the final system since it is essential to increase the solubility of the incorporated active
principle. In detail, by changing the CTAB:TEOS molar ratio (from 0.122 to 0.800), two mesostructured silica-CTA hybrids with
hexagonal symmetry but different degree of order could be obtained. Keeping constant the two identified molar ratios (0.122 and
0.800), VD was added to the synthesis so obtaining two silica-CTA-VD hybrids.

The above discussion has pointed out the main objectives of the present study, which can be summarized as follows: i) to prepare,
for the first time, a silica-surfactant-VD hybrid, ii) to ascertain if such hybrid is able to protect VD from degradation and enhance its
release in aqueous media, iii) to tailor the hybrid mesostructure order and, as a consequence, its drug release capability by tuning the
amount of surfactant. In order to pursue these goals, all the synthesized samples were analyzed in terms of physico-chemical prop-
erties, their release behavior was monitored in pseudo-physiological fluids and their capacity to preserve VD from degradation was
verified after some months of storage.

2. Materials and methods
2.1. Synthesis procedures

Mesostructured hybrid particles were synthesized adapting a process reported in a previous work regarding curcumin-containing
hybrid carriers [7] and inspired by the literature [27,28]. This process was chosen because it does not require any heating and it makes
use of mild conditions in water-based solutions, without any polluting organic solvents. As a consequence, this synthesis can be applied
also to thermally and chemically unstable molecules (such as VD). All reagents were purchased from Sigma-Aldrich (Milano, Italy) and
used as received.

For the synthesis of the silica-CTA-VD hybrid particles with higher order (HO_VD, High Order with Vitamin D), a procedure A was
followed. It consisted in mixing 0.40 g of hexadecyltrimethylammonium bromide (CTAB) under constant stirring (300 rpm) with a
0.05 M solution of NaOH (0.19 g of NaOH in 95 mL of distilled water). After 20 min, VD was added (69 mg) and solubilized for 5 min.
Afterwards, 2 mL of tetraethyl orthosilicate (TEOS) were poured dropwise. The solution, which had turned opalescent, was left under
stirring (150 rpm) for 3 h at room temperature. Then the precipitate was filtered, washed with distilled water, let dry in oven at 40 °C
overnight and ground.

For the silica-CTA-VD hybrid particles with lower order (LO_VD, Low Order with Vitamin D), a procedure B was followed.
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Procedure B differs from procedure A for the CTAB amount, which was increased to 2.6 g and the filtration step, which was replaced by
centrifugation. In particular, in procedure B, the synthesis solution was centrifuged at 4000 rpm for 15 min, washed with water,
centrifuged at 4000 rpm for another 10 min, washed with water and, finally, washed with an EtOH/water solution (10/90 %vol) to
remove all the unreacted CTAB.

The molar ratios in the syntheses of the hybrid materials with the higher (HO_VD) and the lower (LO_VD) order were, respectively.

- synthesis A, HO_VD: 1 TEOS:0.122 CTAB:0.536 NaOH:0.02 VD:589 H,0
- synthesis B, LO_VD: 1 TEOS:0.800 CTAB:0.536 NaOH:0.02 VD:589 H,0

Reference silica-CTA hybrid particles were synthesized following procedure A and B, but without adding VD in the synthesis so-
lution. Reference samples are here identified as HO_ref and LO_ref, respectively.

The final masses of the different samples were around 0.60-0.70 g for HO_VD and HO_ref and around 1.1-1.2 g for LO_VD and
LO_ref.

All samples were stored in a box, in transparent plastic vials, at room temperature.

2.2. Characterisation

Thermogravimetric (TGA) analyses were carried out using a Setaram TGA 92 (Caluire, France) by heating the samples between
20 °C and 800 °C with a heating rate of 10 °C/min in air flow.

X-Ray diffraction (XRD) data were collected using a Panalytical X’Pert PRO (Cu Ka radiation, Malvern Panalytical, Almelo, The
Neatherlands), at 40 kV and 40 mA, with a solid-state detector (PIXcellD).

Measurements were performed at low and high angles (20 = 0.7°-10° and 26 = 5°-60°, respectively). Samples, in powder form,
were located in a sample-holder and the surface was flattened by manually applying a slight pressure with a blade. Measurements were
acquired without any rotation of the sample-holder stage.

Field emission scanning electron microscopy (FESEM) images were recorded with a FESEM Zeiss Merlin (Oxford Instruments,
Abingdon-on-Thames, UK). A small quantity of sample, in powder form, was sprinkled on a conductive adhesive tape attached on a
metallic sample-holder. Before analysis, specimens were Pt-metallized.

Transmission electron microscopy (TEM) images were acquired with a Talos F200x-G2 instrument (Thermo Fischer Scientific,
Waltham, MA, US). A small quantity of sample, in powder form, was dispersed in 2-propanol and sonicated for 5 s. A drop of the so-
obtained dispersion was deposited on a carbon film supported on a copper grid. Analyses were carried out at 200 kV, in bright field and
with an objective opening of 10-30 pm.

FTIR spectra were recorded at a resolution of 2 cm ™! on pelletized powders mixed with KBr using an Equinox 55 spectrometer
(Bruker, Billerica, MA, USA) after outgassing the sample at room temperature (residual pressure of 0.1 Pa).

2.3. Immersion tests

Samples underwent immersion tests into two different media, ethanol (EtOH) and artificial sweat (AS), to determine the amount
and the kinetics of release of the vitamin. Both immersion media were subjected to UV absorption analysis and spectra were recorded
using a Lambda 25 spectrophotometer (PerkinElmer, Waltham, MA, USA). To quantify the VD content in the media, calibration curves
were obtained by preparing solutions with known concentration of VD in either EtOH or AS.

Immersion tests in EtOH were conducted by immersing the samples in the solvent in static conditions; at fixed time-points (up to 3
h) an aliquot of the solution was filtered and analyzed in the 190-600 nm wavelength range. To assure a complete release of VD, at the
end of the test (after 3 h) the solution was sonicated for 30 s, filtered and analyzed again.

The samples were also subjected to immersion tests in AS. The AS solution was prepared according to the literature [29] by dis-
solving 1.314 g NaCl, 0.075 g CaCly, 0.054 g MgSO4, 0.459 g KH,PO4 in 450 g of distilled water and adjusting the pH to the value of 5.4
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Fig. 1. XRD patterns at low angles of HO_ref and LO_ref hybrid materials.
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by adding a 0.05 M NaOH solution. 36.6 mg of HO_VD and 63.3 mg of LO_VD were separately immersed in 450 mL of AS in an Erweka
DT tester (Erweka, Langen, Germany) at 32 °C under stirring (100 rpm) for 20 h. A peristaltic pump guaranteed a constant flow of
solution in the spectrophotomer chamber, allowing the UV absorption at 290 nm (where the absorption peak of VD in AS is located) to
be continuously recorded. At the end of the test, the solutions were filtered, and their UV/Vis-spectra were recorded in the 190-600 nm
wavelength range.

3. Results and discussion
3.1. Characterization of the mesostructure order of the hybrid materials

3.1.1. Structure characterization of reference materials by means of XRD

First of all, reference samples were analyzed in order to verify the influence of the different surfactant content in the synthesis batch
on the final mesostructure. Fig. 1 reports the XRD diffraction patterns at low angles of HO_ref and LO_ref materials. The HO_ref sample
is characterized by a well-defined pattern with three peaks at 26 values of 2.0, 3.5 and 4.1, which correspond to the reflections (100),
(110) and (200) typical of the 2D hexagonal symmetry [30]. This is in accordance with previous results obtained for materials prepared
with the same synthesis procedure [7].

The LO_ref sample, obtained with a higher surfactant content in the synthesis batch, still presents a pattern which can be assigned to
the hexagonal symmetry, but the main peak (reflection (100)) is broader whereas the other reflections are barely visible, so suggesting
a lower degree of order of the mesostructure. The location of the main peak, moreover, is shifted at higher 26 values (2.3), coherently
with what reported by Melendez and coauthors [31] who observed a shift of the main peak towards higher 26 values when the ratio
CTAB/TEOS was increased from 0.1 to 0.19. This effect, which indicates a smaller unit cell, was attributed to an excess of surfactant
that results into a hindering of the unit cell growth and a lower extent of silica polymerization.

Given the above-observed effect of the amount of surfactant on the structure order of the hybrid reference materials, the same
syntheses were repeated with the addition of VD. The samples named HO_VD (synthesis A) and LO_VD (synthesis B) were obtained and
their characteristics are presented in the following sections.

3.1.2. Assessment of VD content by means of TGA and extraction tests in ethanol

Fig. 2 reports the thermogravimetric analyses of all hybrid materials and of pure VD as a comparison. All samples present an initial
mass loss below 150 °C due to physisorbed water, followed by a large mass loss between 150 °C and 350 °C. In the reference samples,
HO_ref and LO_ref, this mass loss is attributed to the degradation of the surfactant, which is reported to occur in the 150-300 °C range
[32]. It is worth nothing that, coherently with the higher CTAB content in the synthesis batch, LO_ref (Fig. 2B) presents a higher weight
loss than HO _ref (Fig. 2A).

In the VD-containing hybrid materials, HO_VD and LO_VD, the mass loss can be attributed to the degradation of both the surfactant
and VD, since pure VD presents a maximum rate of degradation at around 330 °C (Fig. 2). When compared to the respective reference,
both VD-containing materials present a higher mass loss, which can be ascribed to VD. In summary, the mass losses between 150 °C and
800 °C are the following: 57 wt% for HO_ref, 72 wt% for HO_VD, 60 wt% for LO_ref, 67 wt% for LO_VD (Table 1).

In order to quantify the amount of VD in HO_VD and HD_VD, extraction tests in ethanol were carried out. The so obtained solutions
present a peak of absorbance due to VD at a wavelength of 265 nm (Fig. S1), coherently with the literature [33]. The absorbance value
at 265 nm was converted into the concentration of VD in EtOH through a calibration curve. This allowed the amount of VD released
from the sample and, therefore, the initial VD content of the hybrid to be calculated. Finally, the incorporation efficiency (IE, eq. (2))
was calculated dividing the actual amount of VD incorporated in the sample (as obtained through the immersion in EtOH) by the
amount of VD introduced in the synthesis batch.

IE = VD incorporated (mg) / VD used in synthesis (mg) - 100, 1)

The so obtained values of VD content and incorporation efficiency are listed in Table 1. The IE results are considerably high, above
all in the HO_VD system, so proving that this kind of synthesis allows the drug loss to be limited.
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Fig. 2. TGA of HO_VD and HO_ref (A), and LO_VD and LO_ref (B). Pure VD is also reported for comparison.
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Table 1
mass losses, VD content and efficiency of incorporation of VD in the hybrid materials.
sample mass loss 150-800 °C (wt.%) from TGA VD content (wt.%) from EtOH test efficiency of incorporation (%) from EtOH test
HO_ref 57 - -
HO_VD 72 8.6 90
LO_ref 60 - -
LO_VD 67 4.1 68

It is worth noting that, if the difference in mass loss between the VD-containing samples and their references (Table 1) are
compared, this is coherent with the VD content measured by the immersion test in EtOH. HO_VD, which is the sample with the highest
VD content (8.6 %), presents the highest difference in mass loss when compared to the reference HO_ref (72%-57 % = 15 %). LO_VD,
instead, presents both a lower VD content (4.1 %) and a smaller difference in weight loss with respect to the reference LO_ref (67%-60
% = 7 %). It must be remembered, however, that the mass loss of the samples does not depend only on the VD content, but also on the
amount of surfactant present in the hybrid material.

For sake of completeness, the immersion tests of HO_VD in EtOH was repeated after a 17-month storage period in transparent vials
located in a closed opaque box at room temperature. The UV-Vis spectrum obtained after 17 months is comparable to that of the newly
prepared sample (Fig. S2). This indicates that the released molecule (i.e., VD) was not altered during this long storage period, sug-
gesting that the hybrid system is able to protect VD from degradation.

3.1.3. Structure characterization of VD-containing materials by means of XRD

XRD analyses allowed the influence of the addition of VD on the structure of the hybrid materials to be investigated (Fig. 3).

The main peak of HO_VD (100) appears shifted towards higher angles with respect to that of HO_ref, so indicating a smaller
hexagonal unit cell in the presence of VD (Fig. 3A). This observation can provide information about the possible location of VD in the
HO_VD sample. It must be remembered, in fact, that the formation of different structures by self-assembly (cubic, hexagonal, lamellar)
depends on a specific value of the surfactant molecular packing ratio (g). In particular, the hexagonal phase is associated with a g value
of ¥ [30]. According to the literature [34], g is directly proportional to the total volume of the hydrocarbon chains (V) and inversely
proportional both to the effective area of the polar head (ap) and the effective length of the surfactant chain (1):

g=V/ (a - 1), 2

The XRD patterns in Fig. 3A prove that the hexagonal phase of the reference sample (HO_ref) is maintained also in presence of VD
(HO_VD), which means that g is constant and equal to %. On the other hand, the shift of the XRD peaks towards higher angles and the
consequent reduction of the cell parameter reflect a reduction of [, the effective length of the surfactant chains. As a consequence (eq.
(2)), by assuming that V is nearly constant, in order to maintain g = ' it is necessary that ay increases, which can be explained by the
interposition of VD between the polar heads. Therefore, according to the experimental evidence given by the XRD patterns, it can be
concluded that in the HO_VD hybrid material the vitamin interposes among the polar heads of CTA, probably acting as a co-surfactant.

As far as the less ordered system is concerned, the opposite phenomenon can be observed when LO_VD and LO_ref are compared
(Fig. 3B). The main peak of LO_VD is shifted towards lower angles with respect to that of LO_ref, so indicating a larger unit cell and
suggesting that this swelling is due to the location of VD among the hydrophobic tails of the surfactant.

Finally, it is worth mentioning that pure VD is crystalline [35]. However, the XRD patterns at high angles of both HO_VD and LO_VD
(data not shown) display an amorphous halo, suggesting that VD is not segregated but is embedded in an amorphous system. This is an
advantageous result, since active principles are more prone to dissolve when they are not in crystalline form.

3.1.4. Morphological and structural characterization of VD-containing materials by means of electron microscopy

FESEM images (Fig. 4B) show that the addition of VD in the ordered system alters the morphology of the material, leading to the
formation of particles with larger size (600-800 nm) and less homogeneous shape when compared to those of the reference HO_ref
(particle size around 400 nm, Fig. 4A). However, the hexagonal symmetry typical of the reference material (Fig. 4A and [7]) is partially
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Fig. 3. XRD patterns at low angles of HO_VD and HO_ref (A), and LO_VD and LO_ref (B).
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Fig. 4. FESEM images of HO _ref (A), HO_VD (B), LO_ref (C) and LO_VD (D).

Fig. 5. TEM images of HO_ref (A), HO_VD (B), LO_ref (C) and LO_VD (D).
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maintained, albeit more round. The reference less ordered material LO_ref (Fig. 4C) presents a heterogeneous and irregular
morphology, which is exacerbated when VD is added (HD_VD, Fig. 4D).

On the overall, it can be concluded that the addition of both surfactant and VD in the synthesis batch affects the morphology of the
final particles, decreasing the order. This, as far as the HO_VD sample is concerned, is further evidence that VD takes part in the self-
assembly process behaving like a co-surfactant. In the LO_VD sample, instead, the addition of VD simply involves the swelling of the
surfactant-silica matrix.

TEM images, reported in Fig. 5, confirmed what already observed through XRD and FESEM. The HO_ref material presents a well-
ordered mesostructure, with parallel channels organized in the hexagonal symmetry typical of MCM-41 systems (Fig. 5A). In the LO_ref
sample some ordered domains are still visible (Fig. 5C), although to a less extent with respect to HO_ref. When VD is added, the
mesostructure becomes less ordered (especially in LO_VD, Fig. 5D) and only few small domains of parallel channels can be observed.

3.1.5. Spectroscopic characterization by means of FTIR

FTIR spectra of the hybrid samples in the 3800-2400 em™? range are reported in Fig. 6. All materials present absorption bands
around 2900-2800 cm !, attributable to —-CH,- and —CH3 groups, which can be ascribed to CTA in the case of HO_ref and LO_ref and to
CTA and VD in the case of HO_VD and LO_VD [36]). In all samples, the negligible evidence of silanols (bands in the 3700-3000 em!
range) is in accordance with a direct electrostatic interaction between silica and CTA, in the -SiO” and CTA™" form, respectively, this
interaction being induced by the basic ambient of the synthesis process [37]. Also the band of hydroxyl groups typical of crystalline VD
(inset in Fig. 6B, broad band between 3500 and 3000 cm’l, labelled with a star) is negligible in the VD-containing materials (stars in
Fig. 6A and B). This is in agreement with XRD results, which indicate that in the hybrid materials VD molecules are not organized in the
crystalline structure.

3.2. The role of the mesostructure order of the hybrid samples on drug release

3.2.1. VD release tests in artificial sweat

The main goal of the study was to investigate the influence of the degree of material order on its release properties. To this purpose
the HO_VD and LO_VD samples underwent immersion tests in artificial sweat (AS) and the absorbance of the solution was constantly
monitored at 290 nm (wavelength of the absorption peak of VD in AS [38]).

Fig. 7A reports typical UV-Vis spectra obtained at the end of the immersion test; the peak is located at around 275 nm rather than
290 nm. This is likely due to the interaction between VD and the surfactant micelles (with which VD is released), as confirmed by the
literature, where a similar behavior is reported for other molecules interacting with micelles [39,40]. Unfortunately, this shift of
absorbance peak hindered a rigorous quantification of the VD concentration in AS, due to the difficulty in obtaining a reliable cali-
bration plot.

Nevertheless, the plots of the absorbance value at 290 nm (normalized by the mass of the sample) as a function of time (Fig. 7B)
evidence a significantly different trend for HO_VD and LO_VD, respectively. At the end of the test (20 h), similar values of absorbance
are reached for both samples; however, it must be reminded that the VD content of the more ordered system (HO_VD) is more than
double than that of the less ordered one (LO_VD) (8.6 wt% and 4.1 wt%, respectively, Table 1). The less ordered system, then, although
it is less efficient in incorporating VD, releases a significantly higher percentage of its initial VD content with respect to the more
ordered one. This definitely shows that the mesostructure order affects the release properties of the material, which is a crucial aspect
when applications as drug carriers are conceived.

The profiles reported in Fig. 7B display a significantly different release kinetics. While the more ordered system, HO_VD, presents a
lag-time of about 2 h, after which the release gradually increases, the less ordered system, LO_VD displays a nearly instantaneous
release, which constantly increases in the first 10 h and then becomes almost stable. Finally, it is worth mentioning that for both
HO_VD and LO_VD samples no residual material was observed at the end of the immersion tests.

3.2.2. Data regression of the release kinetics with literature models
In order to gain a deeper insight into the release kinetics, Fig. 8 reports the curves in terms of normalized absorbance, which was
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Fig. 6. FTIR spectra of HO_VD and HO_ref (A), and LO_VD and LO_ref (B). Inset in (B): FTIR spectrum of pure VD (3800-2400 cm ™).
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Fig. 8. Release profiles of HO_VD and HD_VD in AS and possible fitting models.

obtained by dividing the absorbance at each time “t” (Abs,) by the absorbance at the end of the test (Abs,,), as a function of time. The
experimental data were regressed with different mathematical models in the attempt to describe the release kinetics of the hybrid
systems. For sake of brevity, only the two models that best fit the experimental data are here reported.

The drug release from the LO_VD system is well fitted by a Fickian diffusion model derived from the Noyes-Whitney equation,
which describes a first order kinetics and is typical of solid dosages [41]. This model is represented by the following exponential
equation:

Abs; K
—1 — e Kit
Abs,, €

(3)

where Kp is the rate constant, which depends on solvent accessibility and its diffusion coefficient through the material [42]. Fig. 8
shows that the release kinetics of LO_VD is well described by eq. (3), with Kr = 0.28 hl.

The HO_VD systems, instead, presents slower kinetics and the most satisfying fitting is obtained with a model that describes drug
release from surface-eroding devices [43]. It is a modified version of that originally proposed by Hopfenberg [44] and is represented by
the following equation:

Abs;
Abs,,

=1- (1-Kqt)" 4

where Kp is a constant depending on the erosion rate constant, the initial drug concentration in the matrix and the initial characteristic
dimension of the device (i.e., the radius for spherical particles). This model can be applied to slabs, infinite cylinders and particles by
simply changing the value of the exponent n (n = 1 for slabs, n = 2 for cylinders, n = 3 for spheres) [43]. As clearly visible in Fig. 8 the
data of the HO_VD system are well regressed by eq. (4), with n = 3 (spherical particles) and Ky = 0.003 h2

Considering all the fitting results, the release from the LO_VD system seems to follow a first order kinetics dominated by diffusion.
The HO_VD systems, instead, presents slower kinetics and the most satisfying fitting is obtained with a model that takes into account
surface erosion. In particular, the release from the HO_VD sample could be governed by matrix dissolution, according to what has been
previously proposed for similar curcumin-silica hybrid systems [7].

The above discussion on the different fitting of the experimental release profiles as well as the information about the location of VD
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in the samples, provided by XRD (section 3.1.3), allow a possible mechanism of drug delivery for the two systems to be formulated. In
the more ordered system, the VD molecules are located among the polar heads of the surfactant and, acting as co-surfactant, strongly
interact with the negatively charged silica and/or with the positively charged polar heads at the interface; therefore, the release of VD
requires a preliminary dissolution of the matrix to occur, as suggested by the presence of the lag-time. On the opposite, in the less
ordered system, the VD molecules, being located among the CTA tails, interact only with the alkyl chains of the surfactant by means of
hydrophobic interactions and can be immediately released from the material, much earlier than the matrix starts dissolving, and in
higher quantity, through diffusion phenomena. This is confirmed by the absence of the lag-time. Moreover, weaker interactions be-
tween the micelles and the silica could also be considered in this case, which indeed give rise to a less ordered system by self-assembly.

In addition, it cannot be ruled out that other features, such as pore wall thickness, may play a role in affecting the release rate.
Indeed, it can be supposed that the LO_VD has thinner pore walls than the HO_VD, based on the structure properties of HO_ref and
LO_ref, which present different unit cell sizes. In fact, the smaller unit cell derived from the data observed for LO_ref (Fig. 1) may be
ascribed to thinner pore walls due to the higher CTAB/TEOS ratio used for the synthesis, as previously reported [31].

4. Conclusions

The present work achieved to obtain CTA-silica-VD hybrid materials for the first time, showing that these systems are able to both
protect the “guest” molecules from degradation up to 17 months and to release them in aqueous media. This was obtained with the
model surfactant CTAB; however, the positive outcomes encourage to study, in the future, this hybrid system with new biocompatible
surfactants. The present study allowed the knowledge of these hybrid systems to be deepened, showing the strong connection existing
between the structure order and the release behavior. It could be observed that the amount of surfactant significantly affects the
interaction between the drug and its surroundings (e.g., silica, surfactant heads ...), which has consequences not only on the
morphology of the resulting material, but also on its release performances. In particular, stronger interactions lead to a more ordered
hybrid structure, which, on one hand, is able to incorporate more VD but, on the other, releases it in aqueous media more slowly and at
a smaller extent. In fact, to release the drug, the strong interactions with the surroundings need to be broken, which is only possible
when the silica matrix starts degrading. Coherently, the release curve of the ordered system can be regressed by a model that accounts
for surface-erosion phenomena. On the opposite, the less ordered system, which incorporates a smaller amount of VD, is characterized
by weaker interactions between the drug and the surroundings. For this reason, VD is readily released in aqueous media, displaying a
kinetic behavior that can be fitted by a Fickian model based on drug diffusion.

To conclude, the amount of drug release and its kinetics can be tuned by leveraging the order of these hybrid systems, which can be
achieved by simply changing the surfactant content. This characteristic makes these materials versatile for a wide variety of potential
future applications ranging from those uses where fast drug release is necessary (e.g., acute diseases, wounds treatment, etc.) to those
where a longer and sustained release is needed (e.g., long-term treatments for skin pathologies such as psoriasis).
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